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Runx2 (Cbfa1) is a runt domain transcription factor that is essential for bone development and tooth morphogenesis. Teeth form as
ectodermal appendages and their development is regulated by interactions between the epithelium and mesenchyme. We have shown
previously that Runx2 is expressed in the dental mesenchyme and regulated by FGF signals from the epithelium, and that tooth development
arrests at late bud stage in Runx2 knockout mice [Development 126 (1999) 2911]. In the present study, we have continued to clarify the role
of Runx2 in tooth development and searched for downstream targets of Runx2 by extensive in situ hybridization analysis. The expression of
Fgf3 was downregulated in the mesenchyme of Runx2 mutant teeth. FGF-soaked beads failed to induce Fgf3 expression in Runx2 mutant
dental mesenchyme whereas in wild-type mesenchyme they induced Fgf3 in all explants indicating a requirement of Runx2 for transduction
of FGF signals. Fgf3 was absent also in cultured Runx2/ calvarial cells and it was induced by overexpression of Runx2. Furthermore,
Runx2 was downregulated in Msx1 mutant tooth germs, indicating that it functions in the dental mesenchyme between Msx1 and Fgf3. Shh
expression was absent from the epithelial enamel knot in lower molars of Runx2 mutant and reduced in upper molars. However, other enamel
knot marker genes were expressed normally in mutant upper molars, while reduced or missing in lower molars. These differences between
mutant upper and lower molars may be explained by the substitution of Runx2 function by Runx3, another member of the runt gene family
that was upregulated in upper but not lower molars of Runx2 mutants. Shh expression in mutant enamel knots was not rescued by FGFs in
vitro, indicating that in addition to Fgf3, Runx2 regulates other mesenchymal genes required for early tooth morphogenesis. Also, exogenous
FGF and SHH did not rescue the morphogenesis of Runx2 mutant molars. We conclude that Runx2 mediates the functions of epithelial FGF
signals regulating Fgf3 expression in the dental mesenchyme and that Fgf3 may be a direct target gene of Runx2.
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Introduction chyme constitute a central mechanism regulating tooth dev-Teeth develop as ectodermal appendages in vertebrate
embryos, and their early development resembles morpho-
logically as well as molecularly other organs such as hairs
and glands. Sequential and reciprocal interactions between
the ectoderm and underlying neural crest derived mesen-0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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1 These authors contributed equally.elopment. Tooth buds form in a row from the dental lamina, a
thickened epithelial stripe marking the future dental arch,
and the mesenchyme cells condense around the epithelial
buds. During the following cap and bell stages, dental
epithelium undergoes folding morphogenesis, forming the
crown of the tooth, Eventually, the dental epithelial cells
differentiate into ameloblasts and mesenchymal cells into
odontoblasts, secreting the matrices of enamel and dentin,
respectively (Thesleff and Nieminen, 2001).
Tooth morphogenesis is regulated by paracrine signal
molecules belonging to conserved families including TGFh
(transforming growth factorh), FGF (fibroblast growth fac-
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sleff, 2000; Thesleff and Mikkola, 2002). The signals
mostly mediate interactions between the epithelium and
mesenchyme, but they also act within one tissue. Same or
similar signals are used sequentially throughout morpho-
genesis. A characteristic feature of tooth development is the
reiterated appearance of signaling centers in the epithelium,
first in the budding epithelium, subsequently during the bud
to cap stage transition (primary enamel knots) and finally at
the sites of epithelial foldings marking cusp initiation
(secondary enamel knots). These signaling centers express
more than 10 different signal molecules including Shh
(sonic hedgehog) as well as several signals in the BMP
(bone morphogenetic protein), FGF, and Wnt families.
Many molecular targets of the signals have already been
discovered in developing teeth and interactions between
different signaling pathways have been elucidated (Jernvall
and Thesleff, 2000; Thesleff and Mikkola, 2002).
A key step in tooth development is the transition from the
bud to cap stage (Fig. 1). This is preceded by the conden-
sation of mesenchyme around the budding epithelium andFig. 1. Expression of Runx2 was downregulated in Msx1 but not in Lef1 or E
mesenchyme. (A) Schematic representation of early tooth development. At E12, d
mesenchymal cells surround the epithelial bud (dm). At E14 (cap stage), the enam
cervical loops surrounding the dental papilla mesenchyme (dp). The peripheral me
tissues. (B) Runx2 starts to be expressed in the dental mesenchyme at E12. (C–D)
mesenchyme. Developing bone expresses Runx2 intensely. (E) Runx2 expression is
bone Runx2 expression remains intense. (F–G) Runx2 is not affected in Lef1 andthe formation of the enamel knot at the tip of the bud
marking the site of the initiation of epithelial folding. The
enamel knot cells do not proliferate whereas the growth of
the adjacent epithelium is stimulated, which results in the
formation of cervical loops surrounding the dental papilla
mesenchyme. Signals from the enamel knot affect both the
epithelial cervical loops and the mesenchymal dental papilla,
and reciprocal interactions between the mesenchyme and
epithelium maintain the enamel knot. Epithelial–mesenchy-
mal interactions also regulate subsequent morphogenesis of
the epithelium, in particular the formation of the secondary
enamel knots determining the sites of epithelial folding and
tooth cusps.
The gene networks regulating the bud to cap stage
transition are complex but they have started to be elucidated.
Deletion of the function of these genes may cause arrest of
tooth development at bud stage. Such mutants include
knockouts of Msx1 and Pax9, which are both expressed in
the condensed mesenchyme and apparently regulate recip-
rocal signals acting on the epithelium (Chen et al., 1996;
Peters et al., 1998; Satokata and Maas, 1994). Msx1 isda mutants. Yellow line indicates the interface between epithelium and
ental epithelium (de) thickens and starts to form a bud. At E13, condensed
el knot is fully functional and the adjacent epithelium proliferates forming
senchymal cells form the dental follicle (df), which gives rise to periodontal
During bud and cap stages, Runx2 expression becomes intense in the dental
downregulated inMsx1 mutant dental mesenchyme, whereas in the forming
Eda mutant teeth.
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mesenchyme and BMP4-soaked beads can rescue the mor-
phogenesis of Msx1 mutants (Bei et al., 2000). We have
shown earlier that p21, a cyclin-dependent kinase inhibitor
in the enamel knot is a target of mesenchymal BMP4 and
that it is associated with the exit of the enamel knot cells
from the cell cycle (Jernvall et al., 1998). ActivinbA is
another signal molecule restricted to mesenchymal cells and
is required for the progress of development beyond bud
stage in lower molars and incisors but not in upper molars
(Ferguson et al., 1998). Activin stimulates the expression of
the ectodysplasin receptor Edar in the enamel knot (Laur-
ikkala et al., 2001). Tooth development is also arrested in
Lef1 mutant mice (Kratochwil et al., 1996). It was shown
recently that the expression of Fgf4 in the enamel knot is
regulated by Lef1 and that the development of Lef1 mutant
teeth can be rescued by FGF proteins (Kratochwil et al.,
2002). It is apparent that several signaling pathways are
linked during the bud to cap stage transition and that the
enamel knot plays an important role in integrating them
(Thesleff and Mikkola, 2002).
We have earlier identified Runx2 (also called Cbfa1 or
Osf2) as a mesenchymally expressed transcription factor that
is involved in mediation of the epithelial–mesenchymal
interactions during the bud and cap stages of tooth develop-
ment (D’Souza et al., 1999). Runx2 belongs to the runt
domain transcription factors, which are homologues of the
Drosophila pair-rule gene runt. In mammals, there are three
Runx genes (Runx1, -2, -3), which share highly conserved
DNA binding domains and are very similar in respect to their
genomic organizations and DNA sequences (Bangsow et al.,
2001; Levanon et al., 2001; Ogawa et al., 1993; Thirunavuk-
karasu et al., 1998). However, their expression patterns and
most of their functions are different. Runx1 plays pivotal role
in hematopoiesis and is associated with the development of
leukemia (Okuda et al., 2001; Yokomizo et al., 2001). Runx3
regulates the development of dorsal root ganglion neurons
(Levanon et al., 2002) and mutations in Runx3 are also
causally related to gastric cancer (Li et al., 2002). Runx2 is
best known as a key regulator of osteoblast marker genes
including osteopontin, bone sialoprotein, and osteocalcin as
well as the matrix metalloproteinase MMP 13 (Ducy, 2000;
Hess et al., 2001). Homozygous disruption of Runx2 resulted
in complete lack of bones in mice (Komori et al., 1997; Otto
et al., 1997). Runx2 haploinsufficiency is the cause of
cleidocranial dysplasia (CCD) in humans (Mundlos et al.,
1997) and mice (Otto et al., 1997), a syndrome characterized
by generalized bone defects and supernumerary teeth. Some-
times, the supernumerary teeth even form an almost complete
third dentition (Jensen and Kreiborg, 1990). Runx1, 2, and 3
are all expressed during tooth development but in different
patterns (Yamashiro et al., 2002).
We have shown previously that Runx2 mutant mice lack
teeth and that their tooth development is arrested at the bud
stage (D’Souza et al., 1999).Runx2mRNA expression begins
in condensed tooth mesenchyme during early bud stage (E12mouse embryos) and continues in the dental papilla through
cap stage until early bud stage (E16). Later, Runx2 expression
continues in dental follicle separating the tooth from sur-
rounding bone, which also expresses Runx2. Reciprocal
recombinations between wild-type and Runx2 mutant dental
tissues indicate that the main defective tissue is the mesen-
chyme (A˚berg et al., 2004). The expression of Runx2 in the
dental papilla mesenchyme requires the presence of dental
epithelium and FGF mimicks the action of the epithelium in
isolated dental mesenchyme (D’Souza et al., 1999).
In this study, we further analyzed the function of
Runx2 during tooth morphogenesis. We have searched
for downstream targets of Runx2 by extensive in situ
hybridization analysis of altogether 37 potential candidate
genes. The severely downregulated genes included Fgf3,
which is coexpressed with Runx2 in the dental mesen-
chyme, as well as Shh, which is expressed in the enamel
knot. Expression of ActivinbA was also reduced in the
mutant dental mesenchyme directly underneath the epi-
thelial bud. The mutant teeth expressed some other
enamel knot marker genes, more intensely in the upper
than lower molars, indicating that the enamel knot had
formed although it was not morphologically obvious.
Runx3 was intensely upregulated in the upper molar
mesenchyme in the same region as Runx2, indicating that
Runx2 may normally repress its function there, and
therefore compensation by Runx3 may explain the ob-
served differences between the upper and lower molars.
Our bead induction experiments showed that Runx2 was
required in the dental mesenchyme for the FGF-induced
expression of Fgf3. In addition, overexpression of Runx2
in Runx2/ calvarial cells induced Fgf3 expression,
indicating that Fgf3 may be a direct target of Runx2.
Since Runx2 expression was absent in Msx1 mutant tooth
mesenchyme, we propose that Runx2 functions in the
dental mesenchyme between Msx1 and Fgf3 and mediates
FGF signals from the dental epithelium to the mesen-
chyme during tooth development.Materials and methods
Animals
Wild-type mouse embryos were from the NMRI strain.
The generation of Runx2 knockout mice has been previous-
ly described (Otto et al., 1997). Heterozygote mice in
C57BL/6 background were bred to NMRI mice to yield a
fresh breeding colony. The Tabby mice were of strain
B6CBACa-Aw-J/A-Ta (stock No. JR0314) obtained from
Jackson Laboratory (Bar Harbor, ME) and maintained as
previously described (Pispa et al., 1999). Msx1 null mutant
tissues have been described earlier (Satokata and Maas,
1994); (Bei and Maas, 1998). Lef1 null mutant tissues were
a kind gift of Rudolf Grosschedl and have been described
earilier (van Genderen et al., 1994).
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Genomic DNA was isolated from embryonic tissues or
from tails of 3–4-week-old mice. The following primer
pairs were used for PCR genotyping of Runx2 mice: 5V-
AAG ATGGATTGCACGCAGGTTCTC-3V and 5V-CACG-
GAGCACAGGAA GTTGGG A-3, which amplified a 1.1-
kb fragment in homozygous and heterozygous littermates;
5V-TGAGCGACGTGAGCCCGGTGG-3V and 5V-CACG-
GAGCA CAGGAAGTTGGGA-3V, which amplified a
550-bp fragment in wild-type and heterozygous littermates.
PCR genotyping was verified by Southern blotting as de-
scribed previously (Otto et al., 1997).
Preparation of embryonic tissues
Heterozygous male and female mice were mated over-
night, and appearance of the vaginal plug was taken as day 0
of embryogenesis (E0). Staged embryos from embryonic
days 12–14 were collected. The heads were dissected, fixed
overnight in 4% paraformaldehyde, dehydrated, and embed-
ded in paraffin. Serial sections were taken in the frontal
plane at 7 Am and processed for immunohistochemistry and
in situ hybridization.
In situ hybridization and immunostaining
Radioactive in situ hybridization for paraffin sections
was performed as described earlier (Wilkinson and Green,
1990). Probes were labeled with 35S-UTP (Amersham);
exposure time was 13–14 days. Whole-mount in situ
hybridization was done as described earlier (Raatikainen-
Ahokas et al., 2000). Color reaction was detected by using
BM Purple AP Substrate Precipitating Solution (Boehringer
Mannheim Gmbh).
The probes used were murine ActivinbA (Eramaa et al.,
1992), Bmp2, and Bmp4 (A˚berg et al., 1997), Dan (Dionne
et al., 2001), Eda and Edar (Laurikkala et al., 2001), Fgf3
(Kettunen et al., 2000), Fgf4 (Jernvall et al., 1994), Fgf10
(Kettunen et al., 2000), FgfR1 (Trokovic et al., 2003),
Lunatic Fringe (Mustonen et al., 2002), Hes1 and Hes5
(Mustonen et al., 2002), Lef1 (Travis et al., 1991), MMP2
(Sahlberg et al., 1999), Msx1 (Jowett et al., 1993), Msx2
(Jowett et al., 1993), p21 (Jernvall et al., 1998), Pax9
(Neubuser et al., 1997), Runx2 (D’Souza et al., 1999),
Runx1 and Runx3 (Yamashiro et al., 2002), Sprouty1,
Sprouty2 and Sprouty4 (Zhang et al., 2001), Tgfb1 (Vaah-
tokari et al., 1991), Timp2 and Timp3 (Sahlberg et al.,
1999), Twist (Rice et al., 2000), Wnt 5a, 10a, 10b and
11a (Dassule and McMahon, 1998; Sarkar and Sharpe,
1999), and rat Shh (Vaahtokari et al., 1996). The Ectodin
probe was a 657-bp fragment (nucleotides 1–657) inserted
into pGEM-T vector (Promega) (AB059271). The Hairless
probe was derived from mouse EST AI181388 by subclon-
ing a SmaI–BamHI fragment into EcoRV–BamHI cleaved
PCRII-TOPO (Invitrogen). The resulting probe was a 538-
T. A˚berg et al. / Developmbp fragment corresponding to nucleotides 3479–4017 of
hairless (Z322675).
Immunostaining was performed as described earlier
(Laurikkala et al., 2002). The primary antibodies used were
rabbit antiserum to rat tenascin (1:400) (gift from Eleanor
Mackie) and rabbit antiserum to laminin (1:400) (Telios
Pharmaceuticals, Inc).
Cell transfections and analysis of gene induction
Runx2/ calvaria cell lines were established as previ-
ously described (Lee et al., 2000) and maintained in a-MEM
supplemented with 10% FBS. For the forced expression of
Runx2 protein in the cells, we introduced the myc-tagged
Runx2 expression vector (Lee et al., 2002) into the
Runx2/ cells with LipofectAMINE PLUS reagent (Invi-
trogen). After 24 h of transfection, Runx2 protein level was
determined by Western blot analysis with anti-Myc anti-
body (Invitrogen) or anti-Runx2 monoclonal antibody (Kim
et al., 2003) from the nuclear extract, and Fgf3 mRNA level
was determined by Northern blot analysis.
Tissue culture
Recombinant proteins and bead implantation assays were
done as described previously (Vainio et al., 1993. Heparin
acrylic beads (Sigma, St. Louis, MO) were incubated in
FGF4 and FGF10 proteins (25 ng/Al; R & D). Control beads
were incubated in bovine serum albumin (BSA, 1 Ag/Al;
Sigma). About 100 beads were washed with PBS and
soaked in 10 Al of growth factor for 45 min at 37jC. To
separate the dental epithelium from the mesenchyme, E13.0
and E14.0 tooth germs were dissected and incubated with
2.25% trypsin/0.75% pancreatin for 4–5 min. The beads
were placed on top of isolated dental mesenchyme using
fine forceps. All explants were cultured on 0.1-Am Nucle-
pore filters at 37jC in a Trowell type organ culture con-
taining Dulbecco’s minimum essential medium (DMEM)
supplemented with 10% fetal calf serum (FCS, PAA Lab-
oratories GmbH) and 1% penicillin–streptomycin (Gibco,
Paisley, Scotland). After 16–24 h culture in vitro, tissues
were treated with 100% methanol for 2 min, fixed in 4%
PFA (overnight; 4jC), and processed for whole-mount in
situ hybridization analysis.
Rescue experiments
E14 stage mandibular molars were dissected and recom-
binant proteins were added either into culture medium or
with beads in attempts to rescue Runx2 mutant tooth
morphogenesis. We added the following recombinant pro-
teins into medium: FGF4 (25–50 ng/ml; R&D), FGF10
(25–50 ng/ml; R&D), Activin A (50–100 ng/ml; R&D),
and SHH (50 ng/ml; R&D). The proteins were used either
alone or in various combinations. Explants were cultured in
vitro for 5–7 days and medium was changed every 2–3
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sectioned, and stained with hematoxylin–eosin. For the
bead rescue experiments, heparin acrylic beads (Sigma)
were used for FGF4 and FGF10 (25 ng/Al), and Affi-Gel
agarose blue beads (BioRad) for Activin A (50–100 ng/Al)
and SHH (50 ng/Al) protein. Explants with beads were
cultured in vitro for 2 days and transferred under the kidney
capsule of nude mice as described previously (Kratochwil et
al., 1996). After 2–3 weeks, the transplants were harvested
and processed for histology.Results
Runx2 is downstream of Msx1 but not of Lef1 or Edar
Tooth development is arrested in several mouse mutants
and to gain more insights into upstream regulation of Runx2,
we analyzed its expression in the arrested tooth buds of
mouse embryos lacking the function of Msx1, Lef1, and
ectodysplasin (Eda). In wild-type embryos, Runx2 expres-
sion is first seen in the dental mesenchyme of E12 mouse
embryos (Fig. 1B), and it becomes more intense in the
condensed mesenchyme under the tip of E13 epithelial bud
(Fig. 1C). At cap stage (E14), Runx2 expression is intense
both in dental papilla mesenchyme and the dental follicle
(Fig. 1D), and during bell stage it is downregulated form the
dental papilla but continues intensely in the dental follicle
throughout tooth development (D’Souza et al., 1999).
Runx2 is strongly expressed in the condensed mesenchyme
of developing bones at all stages (Figs. 1B–D).
The expression of Msx1 starts in the cephalic neural crest
at the onset of migration (Satokata and Maas, 1994). During
bud and cap stages of the developing teeth, expression of
Msx1 overlaps with that of Runx2 in the dental mesenchyme
(D’Souza et al., 1999; Vainio et al., 1993). InMsx1-deficient
embryos, tooth development is arrested at early bud stage,
before the condensation of dental mesenchyme (Satokata
and Maas, 1994). Runx2 starts to be expressed at E12 before
the condensation of dental mesenchyme (Fig. 1B). In situ
hybridization analysis of serial sections of E14 Msx1 mutant
heads indicated that Runx2 expression was downregulated
in the mesenchyme around the tooth bud, although intense
expression was apparent in the area of forming mandibular
bone (Fig. 1E). Our findings indicate that Msx1 is needed
for the expression of Runx2 in the dental but not osteogenic
mesenchyme.
The stage of developmental arrest in Runx2 mutants
resembles closely that in Lef1 mutants. The mesenchyme
condenses around the tooth bud, but cap stage is notFig. 2. Most genes in the condensed dental mesenchyme were expressed normall
except Activin bA. (A–O) Msx1, Bmp4, Pax9, Tgfb1, and Wnt5a showed normal e
the wild-type dental mesenchyme immediately underneath the epithelial bud.
mesenchymal cells closest to the epithelium (arrow). (S,T) Immunostaining of tena
J and S points to the developing mandibular bone.reached, and the cervical loops and dental papilla do not
form (D’Souza et al., 1999; van Genderen et al., 1994). In
Lef1 mutant teeth, the defect has been localized to the dental
epithelium where Lef1 is required for the expression of Fgf4
and for subsequent induction of mesenchymal FGF signals
(Kratochwil et al., 1996; Kratochwil et al., 2002). Besides
epithelium, Lef1 is also expressed intensely in wild-type
dental mesenchyme and shows apparent coexpression with
Runx2. However, this mesenchymal Lef1 expression is not
required for tooth development, and possibly there is
redundancy with other Lef/Tcf genes (Kratochwil et al.,
1996, 2002). Runx2 expression was apparently normal in
the dental and osteogenic mesenchyme of Lef1 mutant
embryos (Fig. 1F). This indicates that Lef1 is not needed
for Runx2 expression, although we cannot rule out the
possibility that Wnt signals could regulate Runx2 via other
transcription factors.
Tooth development is inhibited also in mouse mutants in
which the TNF pathway mediated by ectodysplasin (Eda)
and its receptor Edar is blocked, although their morphogen-
esis does proceed to aberrant cap and bell stages (Thesleff
and Mikkola, 2002). Runx2 was intensely expressed
throughout dental and osteogenic mesenchyme in the E14
Eda mutants (Fig. 1G). Since the defect in Eda mutants is in
the epithelial enamel knot, Runx2 could not be a direct
target, but our results indicate that Runx2 expression is not
even secondarily affected by Eda-Edar signaling.
Searching for downstream targets of Runx2 by in situ
hybridization
To position Runx2 in the known signaling pathways
regulating bud to cap stage transition during tooth develop-
ment and to further understand its functions, we examined
the expression of potential downstream target genes in
Runx2 mutant embryos by using in situ hybridization
analysis of serial frontal sections. We compared E14 Runx2
mutant tooth germs with two stages of wild-type teeth, E13
(bud) and E14 (cap), since remarkable changes take place in
gene expressions between bud and cap stages and Runx2
mutant teeth are arrested between them (A˚berg et al., 2004;
D’Souza et al., 1999). The analysis of gene expression
patterns at this time of tooth development requires very
careful study of serial sections because expression patterns
vary greatly along the anterior–posterior (mesio-distal) axis
of the tooth germ. The level of sectioning is important, and
in addition there may be variations in developmental stages
even within the same litters. We always examined many
sections along the anterior–posterior axis of each embryo to
determine the expression in both upper and lower molars.y in Runx2 mutant molars as compared to bud stage (E13) wild-type teeth,
xpression in Runx2 mutant teeth. (P–R) Activin bA is expressed intensely in
In Runx2 mutant molars, Activin bA expression was greatly reduced in
scin showed no difference between wild-type and Runx2 mutant. Arrows in
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Fig. 4. Overexpression of Runx2 in Runx2/ calvarial cells induced Fgf3.
(a) Myc-tagged Runx2 expression vector was transiently introduced into
Runx2/ calvarial cells. Runx2 expression was determined in the nuclear
extracts by anti-Myc antibody. Equal loading of proteins in each lane was
shown by h-tubulin. Runx2 protein was not detected in nontransfected or
empty vector transfected cells (Mock). Myc-tagged Runx2 protein of the
expected size was detectable only in myc-Runx2 transfected cells. (b) Fgf3
expression was determined from total cellular RNA by Northern blot
analysis. Equal loading of RNA in each lane was shown by ribosomal
RNA. Fgf3 expression correlated with Runx2 expression. It was absent in
Runx2-negative cells and strongly induced by forced expression of Runx2.
T. A˚berg et al. / Developmental Biology 270 (2004) 76–93 83However, as the orientations of tissue sections tend to show
some variation, the photographed frontal sections may show
different regions of the upper and lower molars. The in situ
hybridization analysis was repeated two to three times for all
genes, and the results were constant between different
embryos and different hybridizations.
The expression patterns of altogether 37 genes were
compared between the teeth of Runx2 mutant and their
wild-type or heterozygous littermates. In this paper, we
describe the patterns of the following genes: Fgf3, Fgf4,
Fgf10, FgfR1, Sprouty1, -2,-4, Bmp2, -4, Lef1, Tgfb1, Msx1,
-2, Shh, ActivinbA, p21, pax9, Edar, Twist, Wnt 5a, -10b,
Runx1, Runx3 and tenascin. In addition, the expression of
the following genes and proteins were analyzed, but the
patterns are not reported as they were similar in the Runx2
mutant and wild-type mice: The Notch pathway genes Hes1,
-5, and lunatic fringe; BMP inhibitors Dan and Ectodin,
Wnt10a, -11a, Eda; the matrix metalloproteinase MMP2;
and the MMP inhibitors TIMP2 and TIMP3, hairless, as
well as the basement membrane molecule laminin-1.
To keep down the number of references, we have not
cited all original papers describing gene expression patterns.
The original references as well as the expression patterns of
most genes can be viewed in the database kept by our
laboratory at http://bite-it.helsinki.fi.
Most genes in the mesenchymal condensate are normally
expressed in Runx2 mutant teeth
We first analyzed the genes which, like Runx2, are
expressed in the mesenchyme and known to be necessary
for tooth morphogenesis to proceed from bud to cap stage
(Bei et al., 2000; Ferguson et al., 1998; Peters et al., 1998;
Satokata and Maas, 1994; van Genderen et al., 1994). The
expression domains of Msx1, Bmp4, Pax9, and Lef1 were
similar in E14 Runx2 mutant teeth as in E13 wild-type
molars (Figs. 2A–I and 5G–I). Tgfb1 is expressed in the
wild-type embryos at the tip of the E13 tooth bud and at
low levels in the tooth mesenchyme. At E14, its expres-
sion becomes intense in the cervical loops and dental
mesenchyme. In Runx2 mutant molars, the mesenchymal
expression of Tgfb1 was similar to that of E13 wild type,
and the lack of epithelial expression apparently reflected
the failure of cervical loop formation (Figs. 2J–L). Wnt5a
is mainly expressed in the mesenchyme with weak epi-
thelial expression in the tip of the tooth bud. No difference
in Wnt5a expression was detected between Runx2 mutant
and wild-type mesenchyme at E13 and E14 stages (Figs.
2M–O).Fig. 3. The FGF signaling pathway was affected in Runx2 mutant teeth. (A–C) F
transcripts in the upper molars. (D–F) Fgf10 showed normal expression when com
not affected in E14 mutant dental mesenchyme. The intense signal seen in the lingu
because of failure of cervical loop development. (J–R) Sprouty genes encoding in
mesenchyme. The expression of Sprouty2 and 4 in the Runx2 mutant dental epitheActivinbA is expressed intensely in the dental mesen-
chyme of wild-type teeth contacting the tip of the tooth bud
and its expression is maintained by FGF signals from dental
epithelium (Ferguson et al., 1998). However, in Runx2
mutant molars, ActivinbA expression was markedly reduced,
especially in the mesenchymal cells immediately underneath
the epithelial bud (Figs. 2P–R). These mesenchymal cells
contribute later to the dental papilla, and ActivinbA may be
downstream of Runx2 in this cell population. Although only
incisors and lower molars are affected in ActivinbA-deficient
mouse embryos (Ferguson et al., 1998), ActivinbA expres-gf3 expression was absent in Runx2 mutant molars, except for occasional
paring E14 mutant with E13 wild-type teeth. (G–I) Expression of FgfR1was
al epithelium of E14 wild-type molars was absent in the mutants apparently
hibitors of FGF signaling were expressed normally in Runx2 mutant dental
lium was similar to E13 wild type, but much lower than the E14 wild types.
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of Runx2 mutants.
Tenascin is a structural glycoprotein of the extracellular
matrix, which was among the first molecules associated
with mesenchymal condensation in teeth and is known to
regulate cell condensation (Vainio and Thesleff, 1992).
Immunohistological analysis did not reveal any difference
in tenascin expression between wild-type and Runx2 mutant
(Figs. 2S,T). In conclusion, Runx2 appears not to regulate
the expression of genes involved in mesenchymal cell
condensation, which is in line with the observation that
the condensation of mesenchymal cells around the tooth bud
is not affected in Runx2 mutants.
FGF signaling is affected in the dental mesenchyme of
Runx2 mutants
FGFs act as both epithelial and mesenchymal signals and
regulate tooth development at all stages starting from
initiation. We showed previously that Runx2 is a target of
FGF signaling in the tooth (D’Souza et al., 1999). Here we
analyzed the expression patterns of several genes in the FGF
signaling pathway in Runx2 mutant teeth. Since Fgf3 and
Fgf10 are coexpressed with Runx2 in the wild-type dental
mesenchyme, they were candidates for direct downstream
targets. Fgf3 appears in the condensed mesenchymal cells at
late bud stage (E13+) and is restricted to the cells underlying
the epithelial bud (Fig. 3A). Expression increases as devel-
opment proceeds to the cap stage and is intense in the dental
papilla until late bell stage (Kettunen et al., 2000). Besides
dental mesenchyme, Fgf3 is also expressed in the enamel
knot (Fig. 3B). Interestingly, Fgf3 expression was absent
from the Runx2 mutant tooth germs. Only occasionally was
faint signal seen in mutant upper molars (Fig. 3C).
Fgf10 appears in the dental papilla later than Fgf3 in wild-
type teeth, and its expression is very weak at E13 (Figs.
3D,E). Fgf10 transcripts were seen in the mutant mesen-
chyme indicating that it is not regulated by Runx2 (Fig. 3F).
FgfR1 expression was analyzed using a probe detecting
both the 1b and 1c isoforms. It was expressed similarly inwild-
type and Runx2 mutant dental mesenchyme. In E14 cap stage
teeth of wild-type embryos, FgfR1 expression was intense in
the lingual cervical loop epithelium (Figs. 3G–H). This
expression was not seen in Runx2 mutants in which cervical
loops did not form (Fig. 3I). Hence, like Tgfb1, the lack of
FgfR1 expression in the mutant epithelium was conceivably
secondary to the developmental arrest at bud stage.
Of the Sprouty genes encoding FGF inhibitors,
Sprouty1 was very weak in dental epithelium and mesen-
chyme in the areas of active morphogenesis, and no
difference was detected between the E13 wild-type andFig. 5. Most of the enamel knot marker genes were expressed normally in Runx2 m
expression was absent lower mutant molars and downregulated in upper molars.
molar enamel knot regions in Runx2 mutants. (J–O) Edar and p21 were expressed
Expression Fgf4 and Bmp2 was normal in Runx2 mutant upper molars but absenRunx2 E14 mutant molars (Figs. 3J–L). Sprouty 2 was
weakly expressed at the tip of wild-type E13 bud and
intensely in the enamel knot at E14. No upregulation was
seen in the E14 mutant dental epithelium, perhaps indi-
cating reduced FGF signaling in the enamel knot region of
mutant embryo (Figs. 3M–O). Expression of Sprouty4
was similar between E14 mutant and E13 wild-type
molars, although some signals were detected in the
cervical loop regions of E14 wild-type teeth (Figs. 3P–
R). In addition, we analyzed the expression pattern of the
transcription factor Twist, which is regulated by FGF in
craniofacial mesenchyme (Rice et al., 2000). Twist was
intensely expressed in dental mesenchyme and the pattern
was not affected in the Runx2 mutant (data not shown).
In conclusion, of the FGF pathway genes analyzed, Fgf3
is a possible target of Runx2. The specific reduction in the
expression of Sprouty2 and Sprounty4 in Runx2 mutant
dental epithelium suggests that FGF signaling was inhibited
there and that FGF3 is a reciprocal signal affecting dental
epithelium.
Overexpression of Runx2 can induce Fgf3 expression in
Runx2/ calvarial cells
To examine whether Fgf3 is under the transcriptional
control of Runx2, we overexpressed Runx2 in Runx2/
calvarial cells (Lee et al., 2000) and the Fgf3 mRNA level
was determined by Northern blot analysis. Runx2 protein
was not detected in the nuclear extracts of nontransfected or
empty vector transfected cells (Fig. 4, Mock). Myc-tagged
Runx2 protein was detectable only in myc-Runx2 trans-
fected cells (Fig. 4a). Similar results were observed with
anti-Runx2 antibody (data not shown). After 24 h of
transfection, strong induction of Fgf3 could be seen as a
result of forced expression of Runx2, whereas no signal was
detected in Runx2 negative cells (Fig. 4b). These results
indicate that Runx2 regulates Fgf3 expression in calvarial
cells and suggest that Fgf3 may be a target of Runx2 in
dental mesenchyme.
The formation of the enamel knot is disturbed more severely
in the lower than upper molars of Runx2 mutants
Although the enamel knot is morphologically discernible
only at cap stage, its induction takes place already at late
bud stage when many enamel knot marker genes are
upregulated (Jernvall and Thesleff, 2000). Shh is one of
the best-characterized enamel knot marker genes and is
required for normal tooth morphogenesis. Shh expression
was absent from the Runx mutant lower molar tooth buds,
which suggested that the enamel knots may not have formedutant upper molars, but reduced or absent in the lower molars. (A–C) Shh
(D– I) Wnt 10b and Lef1 were expressed intensely in both upper and lower
normally in the mutant upper molars, but reduced in lower molars. (P–U)
t in the lower molars.
T. A˚berg et al. / Developmental Biology 270 (2004) 76–9386in the Runx2 mutants (Figs. 5A–C). However, the analysis
of the expression of other enamel knot marker genes
indicated that a partially functional enamel knot actually
starts to form in the mutants. The genes analyzed included
the signal molecules Wnt10b, Lef1, Fgf4, and Bmp2 as well
as the Eda receptor Edar, the transcription factor Msx2, and
the cyclin-dependent kinase inhibitor p21, which is induced
by BMP4 in the enamel knot. In wild-type teeth, these genes
are all expressed in the tip of E13 tooth bud and occupy a
larger area in the fully functional enamel knot at E14. Their
intensities of expressions were similar in upper and lower
molars of wild-type mice (Fig. 5). To our surprise, most
genes were expressed in the tips of mutant upper molar buds
with similar intensities to those in the fully developed
enamel knots of cap stage wild types. Shh was weakly
expressed in the upper molars of Runx2 mutants. However,
in the lower molars of Runx2 mutant embryos, the enamel
knot markers were either absent or reduced with the excep-
tion of Wnt10b, Lef1, and Msx2, which were expressed with
similar intensity as in wild-type molars (Figs. 5D–I and data
not shown). The expression of Edar and p21 in the mutant
lower molars was clearly weaker than in Runx2 mutant
upper molars and the wild-type molars (Figs. 5J–O). Fgf4
and Bmp2 transcripts were not detected at all in the lower
teeth of mutants (Figs. 5P–U). Expression of Bmp4, which
appears in the wild-type enamel knot during the cap stage,
i.e., later than other markers, was absent in both upper and
lower molars of Runx2 mutants (Figs. 2D–F).
These observations indicated that the enamel knots start
to form in Runx2 mutant tooth buds germs and that there are
differences between the upper and lower molars. The
intense expression of several enamel knot genes includingFig. 6. Runx3 expression was upregulated in Runx2 mutant upper but not lower mo
epithelium of wild-type embryos. Runx1 was not affected in Runx2 mutant tee
mesenchyme in a few cell layers directly under the epithelial bud. In Runx2 mutan
not in the lower molars.signal molecules in the upper molars suggests that their
enamel knot is partly functional. Enamel knot signaling is
believed to regulate the growth of the cervical loops of the
epithelium either directly or indirectly via mesenchyme.
Despite the expression of many enamel knot marker genes,
the cervical loops did not form in either lower or upper
mutant molars. Since Shh was downregulated in both upper
and lower mutant molars, this may have inhibited cervical
loop growth. However, when Shh function was condition-
ally deleted in developing teeth, cervical loop formation was
inhibited only at the lingual side (Dassule et al., 2000).
Hence the lack of Shh signaling cannot be fully responsible
for the arrest of Runx2 mutant teeth at the bud stage.
Runx3 expression is upregulated in the mesenchyme of
upper but not lower molars of Runx2 mutants
The three Runx genes in mammals share common DNA
binding domains and are similar in their DNA sequences
(Bangsow et al., 2001; Kagoshima et al., 1993; Ogawa et
al., 1993; Thirunavukkarasu et al., 1998). There is evi-
dence that Runx2 and Runx3 have the binding sites in their
own promoter regions and autoregulate their own expres-
sion (Bangsow et al., 2001; Drissi et al., 2000). To
determine whether there are some interactions between
these Runx proteins, we analyzed the expression patterns
of Runx1 and Runx3 in Runx2 mutant tooth regions.
Expression of Runx1, which is restricted to the buccal
aspect of dental epithelium in wild-type tooth buds (Yama-
shiro et al., 2002), was not altered in Runx2 mutants (Figs.
6A–C). However, Runx3 expression was dramatically
upregulated in the mesenchyme of upper but not lowerlars. (A–C) Runx1 expression was restricted to the buccal side of the dental
th. (D–F) In wild-type teeth, Runx3 was expressed weakly in the dental
ts, intense Runx3 expression was seen in the upper dental mesenchyme, but
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Runx3 is expressed weakly in only few mesenchymal cell
layers underlying the epithelial bud of both upper and
lower molars; whereas in the Runx2 mutant upper molars,
Runx3 expression was very intense and extended to a
remarkably wide area in the dental mesenchyme similar
to the expression domain of Runx2. These findings suggest
that Runx2 represses Runx3 expression in the wild-type
upper molar and that Runx3 may partly compensate for the
function of Runx2 in the mutant upper molar. This couldFig. 7. Runx2 was required for the induction of Fgf3 by FGF signals. (A–F) FG
heterozygous (+/) dental mesenchyme. No induction could be seen in Runx2
comparable Tgfb1 expression in Runx2 mutant dental mesenchyme and wild-t
expression in Runx2 mutant dental mesenchyme, but at lower levels when compaexplain some of the differences noted between the lower
and upper molars in Runx2 mutant mice.
Runx2 is required for FGF-mediated induction of Fgf3 in
the mesenchyme of lower molars
Previous work has shown that the expression of Fgf3 in
the dental mesenchyme is controlled by dental epithelium
and that the epithelial effect can be mimicked by epithelially
expressed FGFs, such as FGF-4 and FGF-8 (Bei and Maas,F4 releasing beads induced Fgf3 expression in wild-type (WT) and Runx2
mutant (/) dental mesenchyme. (G–L) FGF4-soaked beads induced
ype and heterozygous explants. (M–O) FGF4 beads induced ActivinbA
red with wild types and heterozygotes.
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FGFs also induce the expression of Runx2 in the dental
mesenchyme (D’Souza et al., 1999) and in osteoblasts
through the activation of protein kinase C pathway (Kim
et al., 2003). These data, together with our observations that
Fgf3 was downregulated in Runx2 mutant dental mesen-
chyme, suggest that Runx2 may be involved in this FGF
signaling pathway. We tested this by analyzing whether
FGF4 can induce Fgf3 expression in dental mesenchyme
isolated from Runx2 mutant lower molars. Indeed, there was
no induction of Fgf3 in either E13 (0/6) or E14 (0/6) mutant
tissue after 24 h culture in vitro with FGF4 releasing beads.
In wild-type and heterozygote tissues, clear induction of
Fgf3 was seen around the beads (E13+/+: 11/11; E13F: 8/9;
E14+/+: 6/6; E14F: 6/6; Figs. 7A–F).
FGFs from the dental epithelium can also regulate the
expression of ActivinbA in dental mesenchyme (Ferguson et
al., 1998). Since ActivinbA expression was reduced in the
mesenchymal cells directly underlying the tooth epithelium
in Runx2 mutants, we analyzed induction of ActivinbA
expression in similar explants as above. ActivinbA was
intensely expressed in wild-type (6/6) and heterozygote
(6/6) dental mesenchyme around FGF4 beads, while the
induced signals appeared weaker in Runx2 mutant explants
(4/4, Figs. 7M–O). This result indicates that, in addition to
Runx2, epithelial FGFs might use other mediators for the
induction of ActivinbA expression in the dental mesen-
chyme. However, Runx2 is needed for the maximal induc-
tion of ActivinbA. Alternatively, ActivinbA may not be a
direct downstream target of Runx2, and the reduction of
ActivinbA expression at the tissue interface may be second-
arily caused by the inefficient reciprocal signaling between
the mutant dental epithelium and mesenchyme. Nonethe-
less, since Activin can stimulate Edar expression in theFig. 8. Exogenous FGF did not restore Shh expression in the enamel knots of Run
regions on the right side. BSA-soaked beads were placed on the left side as negativ
FGF and BSA beads in wild-type and heterozygous embryos (A,B). No expressienamel knot (Laurikkala et al., 2001), the reduced ActivinbA
signals may account for the observed reduction of Edar
expression in the mutant enamel knot.
FGF4 beads also induced Tgfb1 expression in the E13
(WT: 14/16; heterozygote: 6/6) and E14 dental mesenchyme
(WT: 14/16; heterozygote 6/6), and induction took place
similarly in Runx2 mutant mesenchyme (E13: 6/6; E14: 4/4;
Figs. 7G–L). These experiments showed that Runx2 mutant
mesenchyme was competent to respond to FGF signals and
therefore the lack of FGF receptors or other mediators of
FGF signals do not explain the lack of Fgf3 induction by
FGF4 beads. Thus, Runx2 may directly regulate Fgf3
expression in the dental mesenchyme.
Exogenous FGF does not restore Shh expression in Runx2
mutant enamel knots
The downregulation of Shh expression in mutant enam-
el knot was apparently secondary to the loss of Runx2
function in the dental mesenchyme. A potential candidate
for a mesenchymal signal regulating Shh was FGF3, which
was absent from the Runx2 mutant mesenchyme. There-
fore, we examined whether FGF could restore Shh expres-
sion in the mutant epithelium. Since FGF3 protein is not
available, we used recombinant FGF10. FGF10 and FGF3
use the same FGFR2b in the dental epithelium (Kettunen
et al., 2000; Ornitz et al., 1996). We placed FGF10
releasing beads on top of the molar buds of dissected
E13 mandibles, which were subsequently cultured for 24
h (Figs. 8A–D). BSA control beads were placed on the
molar of the opposite side of the mandible. In wild-type
and heterozygous embryos, intense endogenous Shh ex-
pression was seen near FGF10 as well as BSA beads in all
explants (WT: E13, 4/4; E14: 4/4; heterozygote: E13: 5/5,x2 mutant teeth. FGF-soaked beads were placed on top of mandibular molar
e controls. After 24 h culture in vitro, intense Shh expression was seen near
on was detected in the tooth region in the Runx2 mutant embryos (C,D).
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higher on the side of FGF10 bead. No Shh expression was
detected in Runx2 mutant mandibles near the FGF10 or
BSA beads (E13: 5/5; E14: 3/3), indicating that FGF10
could not restore Shh expression in the Runx2 mutant
molars. Hence, our results indicate that the lack of Fgf3 in
the Runx2 mutant teeth is not the only reason for the
downregulation of Shh expression in the enamel knot.
There may be other mesenchymal signal molecules that
are downstream of Runx2 and regulate Shh expression in
the enamel knot.
Attempts to rescue Runx2 mutant tooth development by
exogenous signal molecules
Since Fgf3, ActivinbA, and Shh were all downregulated
in Runx2 mutant teeth, we attempted to rescue the morpho-
genesis of mutant lower molars by culturing them in the
presence of the recombinant proteins (FGF4, FGF10, Acti-
vin A, and SHH). We dissected E14 lower molars from
mutant and wild-type embryos, and cultured them in organ
culture conditions that are permissive for the morphogenesis
of bud-staged teeth. Growth factors were either added to
culture medium or introduced with beads. None of the
signal molecules rescued the morphogenesis of Runx2
mutant molars, either when introduced alone or in various
combinations (not shown).Discussion
We have shown previously that Runx2 is required for
bud to cap stage transition during tooth development. We
also showed that Runx2 is expressed in dental mesenchyme
and that its expression is stimulated by epithelial signals
(A˚berg et al., 2004; D’Souza et al., 1999). This suggested
that Runx2 regulates the expression of reciprocal signals in
the dental mesenchyme affecting epithelial morphogenesis.
In this study, we have shown that Runx2 functions down-
stream of epithelial FGF signaling to regulate Fgf3. In
addition, several enamel knot genes were affected different-
ly in the mutant upper and lower molars, which may be
related to the upregulation of Runx3 in the mutant upper
molars.
Runx2 is a component of FGF signaling pathway and
mediates the induction of Fgf3 expression by epithelial
FGFs
FGFs act both as epithelial and mesenchymal signals at
several stages of tooth development. Epithelial FGFs such
as FGF4 and FGF9 are expressed in the enamel knots
whereas FGF3 and FGF10 are expressed mainly in mesen-
chyme and affect epithelial morphogenesis (Kettunen et al.,
2000). Fgf3 starts to be expressed in the dental mesenchyme
at E13, later than Runx2. During bud and cap stages, Fgf3and Runx2 show remarkable coexpression in the dental
mesenchyme and the expression of both genes is induced
by FGF signals from the dental epithelium (Bei and Maas,
1998; D’Souza et al., 1999; Kettunen et al., 2000; Kratoch-
wil et al., 2002).
In this study, we demonstrated that Fgf3 was completely
downregulated in Runx2 mutant lower molars and in mutant
upper molars there were only few signals. By database
searching, we found two putative Runx2 binding sites
within 2000 bp of the Fgf3 promoter region upstream of
the initiation site. Overexpression of Runx2 in Runx2/
calvarial cells induced strong Fgf3 expression, indicating
that Fgf3 is downstream of Runx2 in the cells. Bei and Maas
(1998) have shown that Fgf3 expression is downregulated
also in Msx1 mutant teeth and that its induction by FGFs
requires Msx1 (Bei and Maas, 1998). Our tissue culture
experiments showed that FGF releasing beads could not
induce Fgf3 expression in Runx2 mutant mesenchyme,
whereas intense induction was observed in wild-type and
heterozygous explants. On the other hand, FGF beads
readily induced the expression of Tgfb1 in the Runx2 mutant
dental mesenchyme. Therefore, the failure of Fgf3 induction
by FGF beads may not have been due to defects in the FGF
receptors or FGF signal mediators. Hence Fgf3 is possibly a
direct downstream target gene of Runx2 in the dental
mesenchyme. Together with the finding that Runx2 was
downregulated from the dental mesenchyme of Msx1
mutants, but not the other way round, we propose a model
where Runx2 is placed between Msx1 and FGF3 and is
responsible for mediating FGF signaling from the dental
epithelium to the mesenchyme (Fig. 9).
FGF3 and FGF10 have been implicated as dental
mesenchymal signals that may have redundant roles as
regulators of epithelial morphogenesis, since teeth with
minor defects develop in both Fgf3 and Fgf10 knockout
mice (Bei and Maas, 1998; Harada et al., 2002; Kettunen
et al., 1998; Mansour et al., 1993) whereas the teeth of
FgfR2b mutant mice arrest at the bud stage (De Moerlooze
et al., 2000; Vainio et al., 1993). We have previously
shown that FGF10 stimulates cell proliferation in dental
epithelium but not in the mesenchyme and that FgfR2b is
expressed exclusively in dental epithelium (Kettunen et al.,
1998; Kettunen et al., 2000). Like FGF10, FGF3 also
binds to FGFR2b (Ornitz et al., 1996), and therefore it
may also function in the epithelium and stimulate the
proliferation of cervical loops as well as regulate the
function of enamel knot. However, we cannot exclude
the possibility that FGF3 also has autocrine effects in the
mesenchymal cells of the tooth bud.
Lef1 is a component of canonical Wnt signaling pathway.
Recently, Kratochwil et al. (2002) have demonstrated that
Lef1 is needed in the enamel knot for the generation of the
FGF4 signal inducing Fgf3 expression in the dental mesen-
chyme. Lef1-deficient tooth germs can be rescued by adding
either epithelial or mesenchymal FGF proteins, which
indicates that Lef1 is only required for this FGF signaling
Fig. 9. Schematic representation of the genetic pathway involving Runx2
during bud to cap stage transition in tooth development. Lef1 is required for
the expression of FGF in the epithelium. FGF induces Runx2 expression in
the mesenchyme and this requires Msx1. Runx2 is needed for the
expression of Fgf3. FGF3 regulates Shh expression in the epithelial enamel
knot, but other mesenchymal signals regulated by Runx2 are also required
for Shh induction and enamel knot formation.
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al., 2002). Although FGF-soaked beads induce both Msx1
and Runx2 expression in isolated dental mesenchyme in
vitro (Bei and Maas, 1998; D’Souza et al., 1999), these
genes are expressed normally in Lef1 mutant tooth germs
(Kratochwil et al., 1996; Fig. 1F). Msx1 has been shown to
be induced also by epithelial BMP4, which can explain its
expression in Lef1 mutants (Bei and Maas, 1998; Chen et
al., 1996). However, BMPs do not induce Runx2 in dental
mesenchyme (D’Souza et al., 1999). Therefore, besides
FGFs, Runx2 may be regulated by some other epithelial
signals.
Runx2 is involved in several signaling pathways during bud
to cap transition
In Lef1 mutant mice, exogenous FGF10 protein could
compensate for the lack of Fgf3 expression in the dental
mesenchyme and this led to induction of Shh in the mutant
enamel knot (Kratochwil et al., 2002). We found that there
was intense expression of Sprouty2 in the enamel knot of
wild-type tooth germs but not in Runx2 mutants, supporting
a function for FGFs in the regulation of enamel knot
function. However, we failed to restore the expression of
Shh in the enamel knot of Runx2 mutant tooth buds by
FGF10, which, like FGF3, binds to FGFR2b. This suggests
that besides FGFs, the downstream genes of Runx2 in the
dental mesenchyme may include components of other
signaling pathways that are required for enamel knot func-
tion (Fig. 9).Our findings indicated that Runx2 may directly regulate
several genes, which are involved in more than one signal-
ing pathway and are critical for the bud to cap stage
transition. Therefore, we attempted to rescue the mutant
lower molars by culturing them with various combinations
of growth factors (FGF4, FGF10, Activin A, and SHH).
However, none of them could rescue the morphogenesis of
the mutant molars.
Fgf3 knockout mice have no obvious tooth defects,
which has been explained by functional redundancy with
Fgf10 (Mansour et al., 1993). In ActivinbA knockout mice,
lower molars and incisors are arrested at the bud stage,
while mutant upper molars develop normally (Ferguson et
al., 1998). In transgenic mice lacking Shh function in the
epithelium tooth germs reach a more advanced stage as the
cervical loops form at the buccal side of the enamel knot
(Dassule et al., 2000). The failure of rescuing Runx2 mutant
tooth morphogenesis with these growth factors suggests that
there may be other unknown signals, which are downstream
of Runx2 and are critical for the further development of the
tooth bud.
Partial compensation of Runx2 function by Runx3 may
explain the differences between the phenotypes of upper and
lower molars in Runx2 mutants
The development of Runx2 mutant molars continues
slightly further in the upper than in the lower jaw. All enamel
knot markers, except Shh and Bmp4, were expressed with
normal intensity in upper molars whereas most of the
analyzed markers were absent in lower molars. It is an
interesting possibility that Runx3, which was markedly
upregulated throughout the dental mesenchyme in mutant
upper but not lower molars, compensated for some functions
of Runx2 in the upper molars. Runx3 promoter has two
conserved Runx binding sites at the beginning of the 5VUTR.
These two sites are fully conserved in sequence and location
also in Runx1 and Runx2 genes, which may indicate cross-
regulation of Runx genes (Drissi et al., 2000). Therefore, we
propose that Runx2 normally represses Runx3 expression in
these teeth in vivo. The role of Runx3 in tooth development
is still unknown, since the deletion of its function in mice
does not cause a tooth phenotype (Li et al., 2002; Yamashiro
et al., 2002), which may due to redundancy with the Runx2
gene.
Differences in the molecular regulation have been previ-
ously noted between upper and lower molars. In Dlx1/Dlx2
double mutants, only maxillary molars fail to develop (Qiu
et al., 1997; Thomas et al., 1997), and ActivinbA mutant
mice have a phenotype opposite to it with only mandibular
molars and incisors affected (Ferguson et al., 1998). Since
Dlx genes have different expression patterns in the upper
and lower molars, and also the mesenchymal neural crest
cells have different origins, it has been suggested that
maxillary molar tooth development might be fundamentally
different from that of all other teeth (Ferguson et al., 1998).
T. A˚berg et al. / Developmental Biology 270 (2004) 76–93 91This may explain the upregulation of Runx3 only in the
upper molars and the observed differences between upper
and lower molars in Runx2 mutants.
In conclusion, we have demonstrated that Runx2 is an
important transcription factor mediating FGF signaling and
epithelial–mesenchymal interactions in developing teeth
during the transition of bud to the cap stage. We also
showed that Runx2 is required for the upregulation of the
Fgf3 gene. The failure of FGFs to restore Shh expression in
the enamel knot indicates that in addition to FGF3, there are
other mesenchymal signals that are regulated by Runx2 and
are required for continued morphogenesis of teeth.Acknowledgments
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